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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

GAS-TURBINE-ENGINE PERFORMANCE WHEN HEAT FROM LIQUID-COOLED TURBINES
IS REJECTED AHEAD OF, WITHIN, OR EFHIND MATN COMPRESSOR

By Jack B. Bsgar and Henry 0. Slone

SUMMARY

Liquid-cooled turbine-engine performance is substantlally affected
by the location where heat from the coolant 1s rejected. Methods, ad-
vantages, and disadvantages of loceting rotating heat exchangers ahead
of, within, and behind the main engine compressor are therefore dis-
cussed. For the best engine performance, heat rejection should occur at
the compressor discharge. Although performance would be poorer, heat
rejection et the compressor inlet would permit cooled-engine operation
at very high flight speeds where compressor discharge temperatures are
very high. This location would also permit a system with adequate cool-
ant pumping characteristics that sppears practical with respect to fab-
rication snd operation.

From this anslysis it appears that for turbojet engines: (1) Higher
f£light Mach numbers are possible using liquid-cooling with heat rejection
in a heat exchanger shead of the compressor than using alr~coollng with
unrefrigerated compressor bleed air. (2) When it is possible to use =
liguid-cooling system in which heat is rejected at the compressor exit,
the engine performance will be superior to that obtained with air-cooling.
(3) With heat rejected from ligquid-coocling at locations other than the
compressor exit, air-cooled engine performance will probably be superior
until a flight Machk number is reached st which some device is required
for cooling the air after it is bled from the compressor. For turboprop
engines it appears that cooling of small turbine blades may be more suc=
cessful with liquids then with air, but the heat from the liquid coolant
will probsgbly have to be rejected at the compressor exit in order to en-
sure engine performance theat is superior to that with sir-cooling.

INTRODUCTION
In order to evaluate the relgtive merits of various types of turbine-

cooling systems, it is necessary to have a knowledge of the effect of
cooling on engine performance. The primary effects of liquid-cooling are
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the removal of energy from the gases by heat transfer to the turbine and
rejection of this heat into the engine cyele. This report shows the
effect on engine performesnce of rejecting hest from liquid-cooled tur-
bines at three different locations within the engines.

Most work that has been conducted on liquid-cooled turbines in the
past, such as that reported in references 1 and 2, considered water as
the coolant, and part or all the heat from the water was rejected in a
stationary heat exchanger. Water was a logical coolant because of its
excellent heat-transfer characteristics. In addition, rather complete
knowledge of its fluid properties made water ideal as a coolant for
studlies of forced and free convection in liquid-coocled turbines. Water
as a turbine coolant, however, has one very seriocus disadvantage; the
bolling point 1s so low that, unless the entire coolant system is under
very high pressure, the turbine is overcooled and the heat-rejection
rates or blade temperature gradlents msy be excessive. A further disad-
ventage occurs at high flight speeds, because the ram-air temperature
exceeds the boiling temperature of water at normel pressures and heat
rejection in an air heat exchanger may become impoesible. The ram-sir &'
temperature reaches 212° F gt a flight Mach pumber of sbout 1.2 st stand-
ard sea~-level conditions and gbout 1.9 in the stratosphere.

LOO%

Pressurization of the entire coolant system that utilizes a station-
ary heat exchanger offers only partial relief. In order that the water
reach a temperature that does not result in overcooling of the turbine,
presgurization of approximately 3000 pounds per square inch is regquired.
Seals for transferring coolant between rotating and stationary parts of
the engine have not been developed to operate satisfactorily at such high
pressures. A nabural solution, then, would be to utilize a coolant such
as & liquid metal, metal salt, or metal hydroxide that has a boiling tem-
perature in excess of 1000° F at normel pressures. These coolants oxi-
dize when in contact with alr, so that seals between rotating and sta-
tlonary parits would still be g problem. The task of making such seals
gbsolutely airtight (air leekage should not be more than s few cc per
year) is prohibitive.

A solution to the problems involved with excessive heab-rejection
rates and flight at high speeds would be to utilize s rotating heat ex~
changer connected to the turbine rotor, so that seals between rotating
and statlonary engine parts would be eliminated. This arrangement, as
suggested in reference 3, would permit use of water at supercritical
pressures and temperatures and also the use of liquid metsls, metal salts,
or metal hydroxides as the coolant.

Air-cooling of turbines becomes more difficult as flight speed in- -
creases, because the temperature of the cooling alr that is bled from
the compressor becomes so high that very large amounts of cooling air
may be required. At flight Mach numbers of the order of 2.5 or higher
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some method of refrigerating the cooling alr would probsbly be necessary.
An glternate cooling system could possibly use a liquid coolant with a
coolant temperature of the order of 1000° F and reject the heat to air at
approximately ram tempersture. This coolant system should operate satis-
factorily at flight Mach numbers up to at least 3. An advantage of
ligquid-cooling over air-cooling lies in the high heat capacity per unit
volume of liquid coolant. This characteristic permits cooling of small
turbine blades, such as can be encountered on turboprop engines or high-
DPressure-ratio turbojet englnes, much easier than is possible with air-
cooling. Tt appears, therefore, that further study of various types of
liquid-cooled systems is warranted.

In the present study of liquid-cooling systems, rotating heat ex-
changers are considered at locatlions ahead of, behind, and within the
main compressor. The purpose of this report 1s (1) to discuss the rela-
tive advantages snd disadvantages of rotating heast exchangers at the
three locations, (2) to show the effects of heat rejection on the per-
formance of a liguid-cooled turbine engine when rejecting heat at the
three different heat-exchanger locations, and (3) to compare the per-
formance of slr- and liquid-cooled engines. For comparison, the perform-
ance of g liquid-~cooled engine with heat rejectlion into & sink outside
the engine is glso shown.

The results are presented from a thermodynamic study; actual design
studies of the various systems have not been made. Some of the systems
presented mey not be practical for all applications. It 1s believed,
however, that there is some merit in each system. Results sre presented
for afterburning and nonafterburning engines for a range of flight Mach
numbers from 0.8 to 3.0, flight altitudes of ses level and 50,000 to
80,000 feet, sea-level statlic compressor pressure ratios from 4 to 12,
and turbine-inlet temperatures of 2460° and 2800° R using heat-rejection
rates from reference 4. One-spool turhbojJet engines with both one- and
two-stage turbines and a particuler miltistage turboprop engine are con-
sidered.

LTQUID~COOLING HEAT-REJECTION METHODS

The use of rotating heat exchsngers to eliminate seals in the cool-
ant system between rotating and stationary parts almost dictates that
the heat from the coolant be rejected tc the compressor eir. It appears
that 1t may be feasible to reject this heat either ahead of, within, or
behind the main compressor. Advantages and disadvantages of heat rejec-
tion at each location are discussed in this sectlion. Consideration is
given to reJecting the entire heat load from the turbine in each of the
previously mentloned locations. Although in actusl application it mey
be desirgble to reject heat at two or more of the locations simultane-
ously, this condition is not considered herein. The effect of such oper-
ation can probebly be Inferred from the results presented.

T
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In practically any liguid-ccocoling system there i1s a possibility
that the coolant will freeze. This is particularly true of coolants ~
sulteble for operation at high temperatures. Water used at supercritical
temperstures cannot tolerate sny additives such as antifreeze. Additives
alter the desirsble heat-transfer characteristics and may mske the water
reget with the metal surfaces at high temperastures. The liquid metals,
metal salts, and metal hydroxides that have been considered for coolants
have freezing points varying from about 15° to 600° F. With any of the
proposed systems it is advantageous to have a coolant that contracts
upon freezing. Some very promisging coolants such as Nak (mixture of
sodium and potassium) have this characteristic. When freezing occurs
within a system, unbglance may occur in the rotating parts until the
system is thawed. This problem could cccur in any liquld-cooled system;
it is not unique to the systems proposed herein. It may be possible by
the proper deslign to utilize pressurizing devices within the system that
would prohibit drelnage to low parts of the system, so that unbelance
with the coolant frozen could be eliminsted.

LOO%

Rejection of heat from the first stages of a multistage turbine to -
the last stages was studied briefly. A few calculations indicated that
gas tempergtures at the last stages were too high snd the surface area
of the stages too small to permit heat rejection in this manner. v

Heat ReJection within Main Compressor

The main engine axial-flow compressor offers a logicsl locstion for
rejection of hegt from the turbine because of the relstlively large sur-
face area that is avallgble on the compressor blades. Heat from the tur-
bine rotors could be relected in the compressor rotor blades, and heat
from the turbine stgtor could be rejected in the compressor stator blsdes.
Such a system is illustrated schematically in figure 1(a).

Advantages. -

(l) Lees alteration of the externsl appearance of the engine would
be requlred then for either of the other two systems. The compressor
could probebly be of approximately the same geometry, although some in-
crease in compressor length might be required because of added stages
resulting from lower permissible blade loading, as will be discussed
later. -

(2) It is not expected that additional pressure losses within the
engine would result from a properly designed compressor used as a heat
exchanger. In other words, it 1s essumed that compressor efficiency -
would not be affected adversely. As stated in the previous advantage,
however, the compressor may have to differ from a conventional compressor.
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Disadvantages. -

(1) Heeting of the boundary layer around the compressor blade may
result In decreased boundary-liayer stability, and the permissible blade
loading would be smaller. As a result, a larger number of compressor
stages may be required for s specified compressor pressure ratio.

{(2) The stress levels in compressor blades, particularly the front
stages, may be too high to permit increasing their temperature to 1000°
or 1100° F by circulating high-tempersture coolant through them. The
use of lower coolant temperatures would defeat the purpose of the pro-
posed. system,

(3) The work required to compress air to a specified pressure is a
direct function of the gbsolute alr temperature. Therefore, rejection
of heat to the compressor air results in increased compressor power
requirements.

(4) Pumping the coolant in rotating heat exchangers depends on .
ngturael~convection forces within the cooclant passages. These forces in
turn are a function of coolant density change due to tempersbture changes
and differences Iin radius of rotation between the heated and cooled por-
tions of the circuit. For some designs where the compressor and turbine
diagmeters are approximately equal, the natural~-convection pumping may be
inadequate, particularly in the rear compressor stages.

(5) Limited celculations indicate that for high heat-rejection rates
the surface area within the compressor may be merginsl, pasrticulerly in
regard to stator cooling. This area, of course, is a function of the
compressor design. Conservative designs wlth more compressor stages
would be better with respect to area than advanced designs such as s
transonic compressor.

(8) Under subfreezing conditions at the compressor inlet some dif-
ficulty may be encountered in thawing the coolant system. A possible
thawing method might be hot-gas bleed to the compressor inlet. As men-
tioned previously, freezing could be encountered with any of the coolants
suitable for operation at high temperatures.

Heat Rejection shead of Main Compréssor

Blade stress is proportional to the square of the blade tip speed.
The stresses in the rotating heat exchanger could bg¢ very greatly re-
duced, therefore, by decreasing the hegt-exchanger ¢diameter. Thus, a
emall suxiliary compressor might be added shead of the main compressor
to serve as the heat exchanger (shown schematicallyiin fig. 1(b))}. This
compressoxr would reject heat to only part of the maln compressor air, and

e
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the pressure rise in the compressor would have to be only high enough to
overcome frictional lossee. The compressor blade design and compressor -
length could be tallored to provide adequate heat-transfer surface area

for the heat-rejection rates requlred. Limited studies indicate that

this suxiliary compressor could be considersably smaller in dismeter and

length than the main compressor. Also shown in figure 1(b) is a station-

ary heat exchsnger st the compressor inlet for rejecting heat from the

turbine stator blades.

TS
Advantages. = §
(1) The stress level in the heat exchanger is very much lower than
in the compressor blades, so there would be less danger due to heating
of the blades.
(2) The heat exchanger can be readily thawed by frictlional heating
i1f the exit gulde vanes of the asuxlilisry compressor are closed.
. (3) Coolant pumping characteristics of the rotating members are "

superlor +to those of the system in which heat is rejected 1n the main
compressor blades because of the smaller dismeter.

(4) The heat-transfer surface area can be controlled by the length
of-the heat exchanger, and heat-transfer coefficlents can be controlled
by choice of blade sizes wlthin the compressor. Such a compressor might
be made of many rows of small blades spaced close together without stator
blades. There is also the possibility, however, that stator blades could
be used, and they could serve as the stationary heat exchenger for reject-
ing heat from the turbine stator blades.

(5) The average alr temperature to which the heat would be rejected
would be lower than for any of the other systems considered, because
there would be no heat of compression added. As a result, higher flight
Mach numbers would be possible and heat-exchanger surface area could be
smeller than for the other systems.

Disadvantages. -

(1) The system results in increased engine length and weight, and
it may complicate the front compressor bearing srrangement.

(2) The discharge of heated air at the inner dlameter of the main
compressor inlet may have a deleterious effect on compressor performance
due to flow distortion. The seriousness of this effect requires further

investigation.
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(3) Under some flight attitudes, flow distributions from the inlet
diffuser may meke 1t difficult to obtaln an adequate quantity of alr
flow through the auxiliary-compressor hegt exchanger.

(4) A small amount of added turbine work is required to rotate this
heat exchanger and to provide sufficient pressure rise to overcome fric-
tional losses.

(5) Rejection of heat shead of the main compressor results in in-
creases in compressor power requirements that are higher than those for
heat rejection within the main compressor.

Heat Rejection behind Main Compressor

Heat rejection within or ahead of the main ‘compressor results in
increased turbine work requirements because of the heat addition to the
compressor alr, This objection could be overcome if the heat could be
rejected at the compressor discharge irn a manner similar to that illus-
trated in figure 1(c). Although the stresses in this type of rotating
heat exchanger would probebly be higher than for the small-diameter heat
exchanger placed ahead of the main compressor, the stresses would be
smaller than those of the turbine blades or the early stasges of the com-
pressor because of a higher hub~tip radius rstio (shorter blades). The
essentigl idea of this type of system is to extend the compressor to
serve &8 a heat exchanger, but the design would be one that favored heat
transfer and would not necessarily result in s pressure rise across the
unit.

Advantages. -

(1) This is a regenerative type of system where heat removed from
the cycle is replaced at the most advantageous spot, just shead of the
primary burners. This arrangement results In the smsllest possible per-
formance loss.

(2) Under all f£flight conditions the temperature of the heat exchanger

would be high encugh to thaw coolants such as water or NakK.

(3) Heat-transfer surface area and heat-transfer coefficients can
be controlled by the length and the design of the heat exchanger.

Disadvantages. -

.(l) The heat is rejected to the compressor air after all the hesat
of compression has been added. This higher temperature would impose a
lower flight Mach number limitatlion on this system than for elther of
the other systems discussed.
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(2) The system results In increased engine length and weilght. For
some appllcations the required length of the heat exchanger may not be
feasible.

(3) For some designs the coolent pumping forces due %o natural con-
vection may be insdequate. If the compressor and turbine are spproxl-
mately the same dlameter, inadequate natural-convection pumping is slmost
a8 certainty.

LOOY

Coolant Pumping

As mentioned in the discussion of heat rejection within the main
compressor, the pumping of the coolant in the rotating system would
depend on the natursal-convection forces within the coolant. These forces
caen become very hlgh with the proper design. The pumping forces are
bhigher for water than for most other coolants; but, if there is an ade-
quate change of radius between the heated and cooled portions of the .
coolant circult, other coclants such as NaK should be satisfactory. If N
necesgsary, the natural-convection pumping could be augmented by other
meens. Mechenical pumps would probably cause some rather difficult
engineering problems, but it appears that electromagnetic pumps could be v
used with cooclants that have a high electrical conductivity, such as some
liquid metals. Power for the pump could be supplied through slip rings.

For stator cooling the coolsnt could be pumped by elther sealed
mechanical pumps or electromasgnetic pumps. The electromagnetic pumps
would probably be more satisfactory if the coolant has a high enough
electricgl conductivity, because the possibllity of cooclant contamina-
tion due to air leaks would be eliminated.

ANATLYTICAL PROCEDURES

Engline performance was calculated by use of the procedures and
curves of reference 5 and the cooled-turbine hest-rejectlion rates pre-
sented in reference 4. These heat-rejection rates are based on the as-
signed values of compressor equivalent weight flow, turbine aerodynamic
design, work split between turbine stages, and turbine blade temperature,
solidity, and aspect ratio specified in reference 4. Other assligned
values required for calculation of engine performence are listed in the
following table:



4007

CU-2

NACA RM ES586B09 SNBSS T 9

Varisgbles and assigned constants Turbojet Turboprop
Number of turbine steges _ 1 2 3
Flight Mach number, M 0.8-3.0 | 0.8-3.0 0.8
Flight altitude, ft 50,000 to|Sea level, |Sea level

' 80,000 and 50,000-
80,000

Sea-level static compressor pressure 4-6 6-12 12

ratio, pé/pi
Turbine-inlet temperature, Tz, °r 2460, 2800 2460, 2800 2460
Compressor adisbatic efficiency 0.85 0.85 0.85
Turbine adigbatic efficiency 0.85 0.85 0.85
Primgry-combustor efficiency 0.98 0.98 0.98
Afterburner efficiency 0.90 0.90 ———
Afterburner temperature, °R 3500 3500 _———
Exhgust-nozzle efficiency 0.80 0.90 0.90
Turboprop gearbox efficiency ——— _—— 0.985
Turboprop propeller efficiency ———— —— 0.80
Primery-combustor pressure ratio, pé/pé 0.95 0.95 0.95
Tailpipe and afterburner pressure 0.90 0.90 _————

1 \

raﬁp,py@4

Teilpipe pressure ratio (without 0.95 0.95 0.95
1 1

afterburner), PS_/ Py

Heat-rejection rates, Q/wp Ref. 4 Ref. 4 Ref. 4

Symbols sre defined in sppendix A. The ram recovery Pi/Pé wes assumed

to vary with £flight Mach number. Values used were 0.96, 0.87, and 0.65
at Mach nunbers of 0.8, 2.0, and 3.0, respectively.

In this report engine performance is given on a relative basis.
The standard is the performance calculasted for no heat rejection. As an
example, relative thrust values are equal to the ratio of the specific
thrust with heat rejection to the specific thrust without heat rejection.
For turboprop engines the relative equivalent horsepower is obtained
from the sum of the shaft horsepower and the equivalent Jet thrust horse-
power (product of jet thrust and velocity dlvided by propeller efficiency
with proper conversion units). The relative specific fuel consumption
for burbojet engines is based on the fuel flow per pound of thrust; for
turboprop engines it is based on the fuel flow per equivalent horsepower.

It is assumed that the entire heat load from the liquid-cooled tur-
bines is rejected either shead of the main compressor, within the main
compressor, after the main compressor, or in a sink external to the en-
gine. The changes necessary in the engine performance calculations be-
cause of heat rejection at the locations mentioned are discussed in this

section. :
L —_E
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Heat Rejection ahead of Main Compressor

With heat rejection ahead of the compressor, the compressor-inlet
temperature is increased. The increase of air temperature due to this
addition of heat can be closely approximated by

' Q
A8~ = 0.00819 [ — 1
C (“T)tot ()

where (Q/w, Yin t t 18 the sum of the heat-rejection rates for the turbine

stator and rotor blades. The constant 0.00819 is (l+f)/518.7cp, where

mean values of specific heat of 0.24 Btu per pound per OR and fuel-alr
ratio of 0.02 were used. Because of the small magnitude of this correc-
tion, & refinement for variations in specific heat due to temperature
level and fuel-air ratio 1s not warranted.

The compressor specific work AHL  and compressor-outlet tempera-
ture 62 are calculated from the following equatlons for a given com-

pressor pressure ratlio:

AHé = (Agi (el +A6C) | | (2)
and
e

where CAE&/Gl)no_ end (8,/6,), ~ are cbtained from reference 5 for uo

heat rejection.

The temperature of the gases is reduced by removal of heat by tur-
bine cooling. This reduction of gas temperature is given by (ref. 5)

Q
M = 0.00638 (—) (4)
T Y1 /oot

Assuming that the entire heat removal takes place at the turbine inlet,
O3 = O3,n0 - 01 (5)

Actuslly, the heat removal from the gases occurs all the way through the
turbine, but calculations show that the assumption that all the heat is

LOOY
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removed gt the turbine inlet has a smell effect on calculasted perform-
ance. The calculations are greetly simplified by this assumption. Once
the temperature correctlons are maede for heat addition and heat removal,
the procedures of reference 5 are followed to determine the engine per-~
formance when heat is rejected ahead of the main compressor.

Heat Rejection behind Main Compressor

When heat 1s added st the compressor outlet, only the compressor-
outlet temperasture is increased; thet is,

Oy =5 + AP ' 6
2 el o 1 c

vhere A8y is determined from equation (1). As before, the turbine-
inlet temperature 6z must be corrected as in equation (5). Once again,
the engine performance 1is determined in accordance with reference 5.

Hegt Rejection within Main Compressor

When heat from the turbine stator and rotor blades is rejected to
the compressor stator and rator blades, respectively, both the compres-
sor specific work AH& and outlet temperature are affected. If it is

assumed thet the compressor is divided into three sections of equal pres-
sure ratio with one~third of the heat added at the entrance of each sec-
tion, then, as shown in eppendix B, the total compressor specific work
for a constant compressor polytropic efficiency in all stages is

(AHé>f6 + A8 +<zi)f E.+<92 :]\6 +A—§g)+é-.;—c- (7)

- o
T a)
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1/3
81/ \P1/no
The subscript f dJdenotes the portion of the work or temperature ratio

for the cube root of the total compressor pressure ratioc with no heat .
rejection. The compressor-outlet temperature, as shown in appendix B,

is given by >
8
~I
0, /2] e Pt JaYz) Pa¥e)
6, = =2) (=2 -39+--—C-)+—-£+—(Z (s)
2 84 /¢|\O1 /¢l \O1/¢ 1 3 3 3
Once AHS and 92 are determined, the engire performance is obtalned
from reference 5.
Heat Rejection in Sink External to Engine "
For comparison purposes a thermodynsmic study was made for the case a

where rotating heat exchangers were not used and the coclant was trans-
ferred to a heat exchanger where the heat rejected would not entexr into
the engine cycle. PFor this case the relative engine thrust or power
would be essentislly the same as when the heat is rejected behind the
main compressor. The relative specific fuel consumption, however, would
increase by the same rate that the relative thrust or power decreased.
This effect occurs because the fuel-flow rate for a constant turblne-
inlet temperature would be constant regardless of the magnitude of the
heat~rejection rate. As a result the relative specific fuel consumption
would be the reciprocsl of the relative thrust or relative equivalent
horsepower. (The possible thrust obtainsble from heated air that could
be discharged from a heat exchanger in flight is not considered.)

RESULTS AND DISCUSSION
TurboJet-Engine Performance

In genersl, the turbine equivalent work Aﬁé/es is increased by

turbine cooling, because the gas temperature is reduced (see eq. (5)).
In addition, when heat is rejected shead of and within the compressor,
the compressor specific work Aﬂé is increased in accordance with equa-

tions (2) and (7). As AH! goes up, AB%/GS rises, The resulting in-
cregses in Aﬁ%/GS due to heat rejectlon for a given turbine-inlet
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tempergture and adisbhatic efficlency reduce the turbine pressure ratio

p! pé. A reduction in pi/pé results in a decrease in the net specific

The effect of heat rejection on specific fuel consumption is gener-
ally smaller than the effect on thrust, except for hegt rejection external
to the engine, as previously explained. ©Since the compressor-outlet tem-
perature is increased because of heat rejection within the engine, less
fuel per pound of compressor-inlet air is burned for a cooled engine than
for an uncooled engine for a constant turbine-inlet temperature. Thus,
the thrust specific fuel consumption 1s affected to a smaller degree than
the specific thrust by heat rejection ahead of, within, and behind the
compressor, since fuel consumption as well as engine thrust is decreased.

The performance varistions due to heat rejection gt a constant
turbine-inlet temperature are presented herein by showing turbojet-engine
performance with heat rejection relative to the case with no heat
rejection.

As would be expected from the preceding discussion, flgure 2 shows
that the relative thrust of & turbojJet engine decreases with Increasing
heat rejection. It will also be noted that the farther forward on the
engine the hegt is rejected, the higher will be the thrust losses due %o
heat rejection. When the heat is rejected behind the main compressor or
in a sink external to the engine, the thrust loss results from a decrease
in turbine gas temperature only. The thrust loss from sdded compressor
and turbine work is higher with heat rejection ahead of the compressor
then with heat rejection within the compressor, because compressor work
is directly proportionel to inlet temperature. The compressor-inlet tem-
perature is highest when gll the heat is rejected shead of the compressor.

The specific fuel consumption lncreases when the heat is rejected
within or ahead of the compressor or in a sink external to the engine,
but it decreases when the heat is rejected behind the compressor. The
reason for the improved specific fuel consumption when heast is rejected
behind the compressor is that the effect on engine performance is exactly
the same as if the turbine-inlet temperature were slightly reduced (the
fuel-flow rate decreases in the same manner that 6z decreases from eq.

(5)). The gas tempersture for best specific fuel consumption for a turbo-
Jet engine is lower than the value of 2460° R used in the calculetion of
results shown in figure 2. '

The results shown for heat rejection to a sink external to the en-
gine represent the worst possible case with respect to specific fuel con-
sumption, because all the heat is lost to the cycle. If some of this
heat could be utilized for obtalning jet thrust or in heating the fuel,
the specific fuel consumption would be lower. As stated previously, the
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performance for heat rejection to a sink external to the engine was con-
sidered for comparison purposes only. No consideration wes given as to
the practicality of such an srrangement. The turbojet-engine performance
resulting when heat is rejected in a sink external to the engine will not
be discussed further. This performance cen be obtained, however, from
any of the curves presented, since the relative thrust is the same as for
heat reJection behind the main compressor, and the relative specific fuel
consumption is the reciprocal of the relative thrust.

LOOV

In order to. determine the engine performance that can be expected
from liquid-cooled engines for a range of engine and flight conditiocns,
the heat-rejection rates obtained from the study in reference 4 were in-
corporated into engine performance calculastions. Hest-rejection-rate
variations that occur with changes in turbine-iniet temperature, compres-
sor pressure ratio, flight Mach number, compressor equivalent welght flow,
and flight sltitude are taken from reference 4 and are shown in figure 3.
The relative performances obtained with the heat-rejection rates shown
gre presented 1In figures 4 to 7. These performance resulte show only
the effects of heat rejectlion as influenced by turbine-inlet temperature, -~
compressor pressure ratio, flight Mach number, and so forth. The direct
effects of turbine-inlet temperature, compressor pressure ratic, flight
Mach number, compressor equlvalent weight flow, and flight altitude on *
engine power {(thrust or horsepower) and fuel consumption are not shown.

These direct effects are included in other studies (such as refs. 6 and
7). The combined effect of liquid-cooling, turbine-inlet temperature,
compressor pressure ratio, and so forth, can be obtained by multiplying
the relative performance values given herein by the dbsolute performance
values without heat rejection such as shown in references 6 and 7.

Effect of compressor pressure ratic. - In figure 4 relative thrust
and relative specific fuel consumption are plotted against sea-level
compressor pressure ratlo for heat rejection ahead of, within, and be-
hind the main compressor. The curves are shown for turbine~inlet tem-
peratures of 2460° and 2800° R, a flight Mach number of 2.0 at an alti-
tude of 50,000 feet, and a seg~level statlic compressor eguivalent weight
flow of 35.0 pounds per second per square foot. Both nonafterburning
and afterburning liquid~cooled turbojet engines are considered.

Nonafterburning engine: For the one-stage turbines operating at a
turbine~inlet temperature of 2460° R (fig. 4(a)), the thrust reductions
due to heat rejection ahesd of, within, and behind the compreesor are

roughly 2%3 2, and ll percent, respectively. The amount of heat that

2
mist be rejected for the two-stage turbines is almost double that for -
the one-stage turbines (see fig. 3(a)). Thie increase in (Q/WT)tot is -
reflected in larger thrust reductions for the two-stage turbines. For a
turbine~inlet tempersture of 2460° R and change in (pé/pi)sz from 6 to -
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12, the thrust is decreased from about 5 to 8 percent for heat rejection
ghead of the compressor. At these same conditioms, thrust reductions of
about 4 to 6 and 2.5 to 3 percent are observed for heat rejection within
end behind the compressor, respectively.

Reflecting the relative thrust results of figure 4(a) into relative
specific fuel consumption shows a small effect due to heat rejection, as
explained previously. The specific fuel consumption for heat rejection
behind the compressor is less than that for no heat rejection for the
one- and two-stage burbines.

When the turbine-inlet temperature is incréased to 2800° R (fig.
4(b)), the seme trends observed in figure 4(a) are repeated, the percent-
age reductions in thrust being greater at the higher turbine~inlet
temperature.

Afterburning engine: Figures 4(c) and (d) show the performance
variations due to hesat reJection for afterburning turbojet engines oper-
ating at turbine-inlet temperstures of 2460° and 2800° R with an after-
burner temperature of 3500° R. The addition of the afterburner tends to
cancel the thrust reductions due to heat rejection. As a result, the
largest decrease in thrust occurring for the afterburning engine is only
gbout 3 percent.

The specific-fuel-consumption results shown in figures 4(c) and (&)
are affected directly by the thrust changes, since the fuel consumpiion
remains prectically constant regardless of heat reJection, because the
over-gll engine temperature ratio for a specified afterburner tempersature
is independent of transfer of hest from one place to another inside the
engine. The percentage increase in specific fuel consumption is therefore
gbout the same as the percentage decrease in thrust. The percentages are
not exactly the same, because the combustion efflciency of the afterburner
is lower than that of the primary burner.

As g further explanstion for a relative specific fuel consumption
gregter than 1.0 for heat rejection behind the main compressor, reference
6 shows that the speclfic fuel consumption of afterburning engines im-
proves as turbine-inlet temperature increases. Since cooling the turbine
and rejecting the heat behind the compressor have the same effect as de-
creasing the turbine-inlet temperature, the relative specific fuel con-
sumption therefore increases opposite to the case for nonafterburning
engines. C :

Effect of flight Mach number. - The effects of flight Mach number
M on liquid-cooled turbojet-engine performence when rejecting hest shead
of, within, end behind the compressor are illustrated in figure 5. Only
a one-stage turbine with (Pé/Pi)sZ = 6.0 and a two-stage turbine with
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(Pé/Pi)sl = 12.0 are considered for a nonafterburning englne operating
at & turbine-inlet temperature of 2460° R, an altitude of 50,000 feet,
and a compressor equivalent weight flow (wgA/61/AgB1)g; ©Ff 35 pounds
per second per.square foot. The effects of other values of (Pé/Pi)sl’ a

turbine-inlet temperature of 2800° R, and use of an afterburner on the
results presented in figure S5 may be inferred from figure 4. Effects of

variations in (wcﬂ/el/Acﬁl)sz and altitude are discussed in the follow-
ing sections.

LOOY

As shown in figure 3(b) for a one-stage turbine, (Q/WT)tot decreases

about 37 percent as M changes from 0.8 to 3.0. The effect of this
change on the relative thrust is shown in figure 5(a); the relative-
specific-thrust changes due to ligquid-cooling are of approximately the
same trend and magnlitude as indicated in figure 2 for corresponding values
of Q/wp. Flight Mach number effects on heet rejection cause little

change in thrust specific fuel consumption for the one-stage turbine.
‘This effect is somewhat at variance with figure 2 and is caused by =
change in optimum turbine-inlet temperature for a glven compressor pres-
sure ratio as flight Mach number is increased. s

The .effect of flight Mach number on the specific thrust of a two-
stage turbine engine (fig. 5(b)) is different from that for the one-stage
turbine. There is &a slight decrease 1n thrust as the flight Mach number
is 1ncreased even though the heat-rejection rates decrease. An explana-
tion for this behavior will be given in the followlng discussion on spe-
cific fuel consumption varistions with flight Mach number.

The specific fuel consumption for an engine with a sea-level static
compressor pressure ratic of 12 (fig. 5(b)) rises rather rapidly as the
flight Mach number increases. This increase is out of proportion to that
shown in figure 2 for corresponding variations 1in Q/wT or when compared

wlth corresponding changes in relative thrust. These large effects on

specific fuel consumption result from changes in over-sall engine pressure

and temperature ratios as flight Mach number increases. At the high Mach
numbers the engine temperature ratio is decreasing, and heat removal at

the turbine by liquid-coocling results in & more significant loss in thrust

than occurs at lower flight speeds or lower compressor pressure ratios.

In addition the englne 1s 1in a less efficient region of operation. As &

result, the specific fuel consumption Increases beyond that expected from

an examination of figure 2. At a lower compressor pressure ratio, as

shown in figure 5(&), thie effect is not observed, because the best-

economy turbine-inlet temperature has not been exceeded for that pressure -
ratio. This trend gives evldence, simllar to that obtalned in many other
unpublished cycle analyses, that high compressor pressure ratiocs are noi
desiraeble at high supersonlc flight speeds. -
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Effect of compressor equivalent weight flow. -~ Figure 6 shows the
effects of sea-level compressor equivalent weight flow, (wbﬂfal/ACSl)sz,
for engines cperating et a flight Mach mumber of 2.0, all other conditions

being the same as in figure 5. For the one-stege turbine, no significant
effect is observed for either relative thrust or relative specific fuel

consumption &s (wavel/ﬁcsl)sz is varied.

As (wcq/el/Acsl)sz is varied from 20 to 35 pounds per second per

square foot for the two-stage turbine, the relative thrust tends to In-
crease slightly. This increase is due to the decreasing (Q/ﬁT)tot, as

shown in figure 3(c). Changes in relative specific fuel consumption with
(wo4/61/8gBs)g7; are & direct result of the thrust chenges.

Effect of altitude. - The effects of altitude on the performance of
liquid-cooled turbojet engines due to heat rejection are presented in
figure 7. The decreases in thrust obtained for both the one-~ and two-
stage turbines as the sltitude varies from 50,000 Lo 80,000 feet are
again a direct result of the increases in (Q/ﬁi)tot over this range of

altitude (see fig. 3(d)). For the one-stage turbine, the thrust is re-
duced from gbout 3 to 5 percent amd 1.5 to 2.5 percent with heat rejec~
tion ghead of and behind the compressor, respectively, as altitude is
increased from 50,000 to 80,000 feet. For these same conditions, thrust
reductions from gbout 8 to 13 percent and 3 to 5 percent occur for the
two-stage turblne. The specific fuel consumption behaves in the same
manner as shown in figure 2 ss the relstive specific thrust decreases.

Turboprop-~Engine Performance

The very small blades of turboprop englnes are genergslly more dif-
ficult to cool with gir than the larger turbojet blades. The reasons
are that it is more difficult to provide the required sugmented heat-
trensfer surface inside small air-cooled blades and that the heat trans-
ferred to the gas per unlt of blade surface area is higher for the smaller
blades. Consequently, llquid-cooling of the very small turboprop blades
mey be more promising thesn air-cooling. For this reason, the effect of
heat rejection on the performance of ligquld-~cooled turboprop engines was
investigated. As in the turbojet-engine study, heat was rejected ahead
of, withln, and behind the main compressor and In a sink external to the
engine. Calculations were made for & turbine-inlet tempersture of 2460°
R, a sea-level static compressor pressure ratio of 12, and a flight Mach
nurber of 0.8 at sea level. Other assigned values necessary for these
calculgtions are listed in the table in the section ANALYTICAL PROCEIURES.
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The reletive equivalent horsepower and relative specific fuel con-
sumption are shown in the following table for heat rejection shead of, -
within, and behind the main compressor and in a sink external to the
engine:

Location of Relative Relative
liquid—~cooling equlvalent [specific
hegt-rejection |horsepower |fuel con- -~
sink sumption <
-~}
Ahead of 0.883 1.067
compressor
Within compressor .916 1.041
Behind compressor . 966 1.006
External to engine .966 1.035

In order to compare the effects of heabt rejection on turboprop~ and
turhojet-engine performance, calculetions were made for a liquid-cooled
turbojet englne operating at the same flight conditions and same compres-
sor pressure ratio as the turboprop engine. The resulte are shown in
the following table:

Location of . | Relative | Relative
ligquid-cooling thrust specifilc
heat-rejection fuel con-
sink sumption
Ahead of 0.947 1.013
compressor
Within compressor 960 1.011
Behind compressor .986 .995
Externgl to engine .986 1.014

Comparison of the results from the two tables shows that the per-
formence of a liquid-cooled turboprop engine ls affected more than that
of g liquid-cooled turbojet when heat is rejected at the same locatlon
of each engine.

Comparison of Engine Performance with Liquid- and Air-Cooling

Variations in performance due to cooling result, for the most part,
from completely different ressons for slr- and liquid-cooling. The only
similerity is that in both cases hegt is removed from the gases by the -
blades. This heat removal results 1n a slight reduction in turbine work
due to reduclng the turbine gas temperature. With liquid-cooling, the
heat removed 1s unsvailgble for. producing Jet thrust. With air-coollng,
however, the heat removed from the gases is transferred to the cooling
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aeir. The cooling air mixes with the gases after leaving the burbine
blade, so that the heat temporarily removed by cooling is etill available
for producing jet thrust. For this reason the heat removal due to cool-
ing is less serious for air-cooling than for liquid-cooling for turbojet
engines. The effect is similar for turboprop engines.

Turbojet engines. - As dliscussed in reference 6, the primary effects
of air-cooling on turbojet engines are (l) the exhasust-ges temperature
for a given turbine-inlet temperature is reduced, because part of the
compressor alr (the air used for cooling) bypasses the burner and is
mixed with the combustion gases at or downstream of the turbine, arnd (2)
additionsl turbine work is required because of cooling-air pumping both
in the compressor and in the turbine rotor. This additional turbine work
results in added temperature and pressure drops across the turbine. Both
of these effects reduce the engine thrust and usually cause an lncresase
in specific fuel consumption. The first effect is by far the largest.
The second is often made even smaller by recovery of part of the pumping
work by the reaction of cooling-air on the blades as it is discharged
into the gas stream. This effect wlll be discussed later.

For the ligquid-cooling schemes that use heat rejection in or ahead
of the compressor, the primery cause for losses in performance is that
the compressor work (and in turn the turbine work) is Increased because
of higher gair temperstures. This additional work reduces the engine
thrust and Increases the specific fuel consumption as discussed previ-
ously. When the heat is rejected at the compressor exit, the thrust re-
duction results entirely from a reduction in turbine gas temperature.
Generally, the specific fuel consumption is Improved for a constant
turbin§-inlet temperature and heat rejection st the compressor exit (see
Pig. 2).

In order to compare the effects of liqulid- and air-cooling on per-
formence, results presented in reference 6 for air-coollng, using air
bled from the compressor exit and a flight Mach number of 2, were cross-
plotted so that they could be presented in the same form as the ligquid-
cooling resulbs presented herein. The effect of alr-cooling on specific
thrust and specific fuel consumptlion 1s shown in figure 8 as a function
of sea~level static compressor pressure ratio for both afterburning and
nonafterburning turbojet engines for turbine-inlet temperstures of 2460°
and 2800° R. By comparing this figure with figure 4, the effects of air-
and liquid-cooling on engine performance can be compared.

The previously mentioned comparison can be more easily seen by
plotting the performance of air- and liquid-cooled engines on the szme
curve, as shown in figure 9 for nonafterburning turbojet engines and in
figure 10 for afterburning turbojet engines. The comparison is made for
a flight Mach number of 2.0 at an altitude of 50,000 feet for a sea-level
static compressor equivalent weight flow of 35 pounds per second per
square foot of frontal area.
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It is difficult to evaluate the two cooling methods from figures 9
and 10 alone, because the required dilution (ratio of cooling-asir flow
to compressor~inlet flow) is not known until calculatibns are made for a
particular engine and turbine blade configuration. Dilution increases
with turbine-inlet tempersgture and flight Mach nmumber and decreases as
the blade cooling effectiveness is improved. An spproximate indication
of air-cooling requirements can be given, however, for the flight condi-
tions considered in figures 9 and 10. A good alr-cooling system using
air bled from the compressor exlt would probebly require between 3 and 8
percent cooling air at a turbine-inlet temperature of 2480° R and between
6 and 9 percent at 2800° R at the conditions specified in figures 9 and
10. The type of liquid-cooling scheme that can be used depends on fac-
tors discussed earller.

For both nonafterburning and afterburning engines (figs. 9 and 10),
better engine performance can be obtained with liguid-cooling than with
gir-cooling if the heat from liquid-cooling can be rejected at the com-
pressor exit. If, however, the complication is too great or the
compressor-discharge temperstures are tog high to reject heat at this
location, it is often questionable whether there is any sdvantaege to
liquid-cooling over air-coollng based on engine performance.

Although not shown herein, the comparison between ailr- and liguid-
cooling would be similar at other altitudes and other compressor equiv-
alent weight flows. If air-cooling i1s used at flight Mach numbers of
2.5 and higher, it may be necessary to use heat exchangers to reduce
cooling-alr temperatures because of excessively high compressor-dlscharge
temperstures. If air-to-alr heat exchangers are used at the compressor
inlet for reducing cooling-air tempersture, the engine performance will
suffer because of heat addition to the compressor air. In this case the
air-cooled engine performance would be poorer than that indicated in flg-
ures 9 and 10; and liquid-cooling would possibly look more promlsing in
comparison. At these flight conditions compressor-discherge temperstures
would be too high to mske liquid-coocling heat rejection at the compressor
exit fessible. Only heat rejection shead of or within the compressor
could be considered for liquld-cooling.

From this study, therefore, it appears for turbojet engines that
(1) higher flight Mach numbers are possible with a liquid-ccoling system
with heat rejection in a heat exchanger ashead of the engine compressor
than with an slr-cooling system using compressor bleed wilthout refrigera-
tion; (2) when it is possible to use a liquid-cooling system in which heat
1s rejected at the compressor exit, the engine performance will be supe-
rior to that obtained with air-cooling; and (3} with heat rejected from
liquid-cooling at locgtions other than the compressor exit, air-cooled
engine performance willl probably be superior until a flight Mach number
is reached at which some device is required for cooling the cooling air
after it i1s bled from the engine compressor.
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Turboprop englnes. - In this investigation on liquid-cooling effects
on engine performance, turboprop calculations were made at a turbine-
inlet temperature of 2460° R, a flight Mach number of 0.8 at ses level,
and s compressor pressure ratioc of 12. Alr-cooled engine performsnce was
not calculsted at exactly these same conditions in reference 63 but from
the trends of the results, the estimated performance can be predicted at
the same engine gnd flight conditions used in the ligquid-cooling calcula-~
tions. In the followling table the engine performance with liquid-cooling
is tabulgted, and the aspproximate air-cooling dilution thet would result
in the same performance is shown. The values of equivalent horsepower
and equivalent specific fuel consumptlon are relative to the case with
no heat rejection:

Location of liquid-|Relative |Approximate [Relative |Approximsate

cooling heat- equivelent|air-cooling specific |alr-cooling

rejectlon sink horsepower |dilution for |fuel con-|dilution for
with same relgtive|sumption |same relative
liquid- equivalent with specific fuel

cooling horsepower as|liquid- consumption as
with liquid-~ |cooling |with liquid-

cooling cooling
Ahead of compressor| 0.883 0.08 1.067 0.12
Within compressor .916 .06 1.041 .09
Behind compressor .966 02 1.006 .0l5
External to engine 966 .02 1.035 .07

From the results shown in this teble for s turboprop engine and
those shown in figures 9 and 10 for turbojet engines, it sppears that,
relative to air-cooled engine performence, the performance of liquid-
cooled turboprop engines suffers more than that of liquid-cooled turbo-
Jet englnes. In other words, air-cooled turboprop engines can use more
cooling air than sir-cooled turbojet engines before the performence is
worse than for the respective llquid-cooled engine. There 1s the possi-
bility, however, that the required ratio of cooling-azlr flow to gas flow
may be higher for turboprop engines than for turbojet engines because of
higher gas-to-blade heat-transfer rates that result with small blades.
The exsct quantities of cooling air required could only be obtained by
use of extenslve anslysis. It can be seen from the table, however, that
an gir-cooled turbine would have t0 require ln excess of 9 and 12 percent
of the compressor alr for cooling before liquid-cooled engine performance
would be superior with heat rejection withirn and ehead of the compressor,
respectively. It 1s estimated, however, that, 1f the heat from & liquid-
cooling system cen be rejected behind the compressor, the turboprop- .
engine performance wlll be better than could be expected wilth sir-cooling
schemes,
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It is difficult to reach definite conclusions as to the relative
advantages of alr- and liquid-cooling. Studies of fabrication and oper-
ational problems are required to determine which system would be more
Practical, As an example, turboprop blades may be so small that air-
cooling may not be feasible. In such a case larger performsnce losses
resulting from liguid-~cooling with heat rejection within or ahead of the
compressor may have to be tolerasted in order to realize the benefits of
higher turbine-inlet temperstures. From a study of reference 6 and the
air-cooling dilutions that correspond to the same liquid-cooled englne
performance, it sppears that, if a liquid-cooled turboprop engine could
be operated at a turbine~inlet temperature 500° F above that possible
for an uncooled engine and if the heat were rejected within the compres-
sor, the power output of the engine could be increased a llttle over 50
percent with sbout a 4-percent saving in specific fuel consumption.

A factor that favors air-cooling should also be considered when
comparing the results of alr- and liquid-cooling on performance of both
turbojet and turboprop engines. The performence of alr-cooled engines
will probably be somewhat superlor to that reported in reference 6.

Since publication of reference 6, an Investigation has been conducted on
the effects of sir-cooling on turbine efficliency. The results obtalned
experimentally from two turbines are reported in reference 8. This ref-
erence shows that the discharge of coolling air at the turbine blade tips
can result in added turbine work, with a resulting improvement ln effi-
clency above that used in the calculations of reference 6. An analytical
study reported in reference 9 indicates that this added work is primarily
the result of reaction of the cooling air on the turbine blade after it
is discharged at the blade tip. This efficiency improvement will vary
with different turbines, so that the exsct amount of performance improve-

ment due to this effect is difficult to predict. It can be said, however,

that asir-cooled englue performance will generally be no worse than that
shown in reference 6. For turbojet engines the thrust and specific fuel
consumption could be improved up to gbout 2 percent because of efficilency
improvement. For turboprop engines the power and specific fuel consump-
tion could be improved up to about 10 percent. These improvements are
based on a possible 5-percent improvement in turbine efficiency and the
results shown in reference 6.

CONCIUDING REMARKS

As 8 result of an anslytical investigation of the effects of liquid-
cooling on turbojet- and turboprop-engine performance, the following
conclusions can be drawn:

(1) It msy be desirable to use liquid-cooling rather than air-
cooling for some gas-turbine-engine applications. With the proper type
of ligquid~cocling system, higher flight speeds appear feasible, and the
cooling of very small turbine blades will prcobably be essier than with
air-cooling.

L00¥%
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(2) The practicality of liquid-cooling can be greatly improved for
gas-turbine engines if coolants such as liquid metals or water at super-
critical pressures can be used so that coolant temperatures can be in-
creased to the point that heat-rejection rates sre substantlislly reduced.
A suggested method of obtaining this improvement is to utillize a rotating
heat exchanger to elimingte coolant seals between stationary end rotating
parts. Such a system could reject heat shead of, within, or behind the
engline compressor.

(3) Liquid-cooled engine performsnce is substantielly affected by
the location of heat rejection within the engine. For the best engine
performance, heat rejection should occur at the compressor discharge.
The performance is considerably poorer if heat is rejected at the com-
pressor inlet. Heat rejection gt the compressor inlet would be desira-
ble, however, to permit cooled-engine operation at very high flight
speeds. This location 1s also advantageous in that a system with ade-
quate coolant pumping characteristics may be provided, and it appears
practical with respect to fabrication and operation.

(4) For turbolet engines 1t appears that: (a) Higher flight Mach
numbers are possible with a liquid-cooling system with heat rejectlon in
a heat exchanger ahead of the engine compressor than with an air-~cooling
system using compressor bleed sir without refrigeration. (b) When it is
possible to use & liquid-coollng system with heat rejection at the com-
pressor exit, the engine performance will be superior to that obtained
with air-cooling. (c) With heat rejected from liquid-cooling at loca-
tions other than the compressor exit, air-cooled engine performance will
probably be superior until a £light Mach number is reached where some
device is required for cooling the alr after it is bled from the
compressor.

(5) For turboprop engines it appears that cooling of small turbine
blades may be more successful with liquids than with air, but the hest
from the liquid coolant will probably have to be rejected at the compres-
sor exit in order to also ensure engine performance that is superior to
that with sir-cooling.

Lewis Flight Propulsion Leborstory
National Advisory Committee for Aeronautics
Cleveland, Ohlo, February 14, 1956
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APPENDIX A

SYMBOLS

The following symbole are used in this report:

Ac compressor frontal area, sq ft "
ey specific heat at constant pressure, Btu/(1b)(°R) §
Fy net thrust, 1b
i fuel-air ratio
H enthalpy, Btu/lb
M flight Mach number . -
P pressure, 1b/sq ft
Q/WT heat-rejection rate, Btu/lb
T temperature, CR
w weight-flow rste, Ib/sec
el ratio of total pressure to NACA standard sea-level pressure of
2116 1b/sq £t
e ratio of total temperature to RACA standard sea-level temperature
of 518.7° R
Subscripts:
C COmMpressor
5id denotes portion.of work or temperature ratio for cube root of
totel compressor pressure ratic with no heat rejection
no no heat rejection
sl sea~-level static -
T turbine
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tot total

0 ghead of engine
1 compressor inlet
2 compressor outlet
3 turbine inlet

4 turbine outlet

5 exhaust nozzle
Superscript:

stagnation conditions

25
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APPENDIX B

DERIVATION OF EQUATIONS FOR COMPRESSOR SPECIFIC WORK AND CUTLET
TEMFERATURE FOR HEAT REJECTION WITHIN MAIN COMPRESSOR

Assume that the main compressor is divided into three parts of equal
compressor pressure ratic with one-~third of the heat being added at—the
entrance of each part. For counstant polytropic efficiency the equivalent
specific work of each section will also be equal. Thus, when the com-
pressor is represented ‘schemstically,

there results

(pé) _<Pé) _(Pé) (P]é)l/:" -
Pi/r \Pifrr \Pi/rzz \P

The totel compressor specific work is
ARy = (AHL)p + (ABE)pp + (ABG)rp (B2)
Equation (B2) may be written as

ABS BHy —s
e = <Tl>1 Olr + <—9—1)II Opgr + (—9—1-)111 Seths: (52)

The terms (el)I, (el)II, and (91)111 can be written as (assuming that
heat is added equally at the entrance of each section)

(61)1 = (?1 +'e§g> (B4)

LOO%
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ay:] e Pats) e ND Jay:)
—_C_{Z2 —C_(22 —C}y. . —C
(61)11 = (85)1 + T = (91)1 (61)1 + 3 = (91)I (91 +t 3 ) + =3

AL T
(63)117 = (O2)11 + =5 = 5 )i (01)11 + =~

8.5\ (] Pa’e) pa¥] Par:)
(Eg <§§) (%1 + 3é) + 5C + SC (B86)
1/IT /I

vhere A8, is obtained from equation (1). Now, let the subscript £

denote the portion of temperature or equivelent work for the cube root
of the totel compressor pressure ratio and for a constant polytropic ef-
ficiency through the compressor. Then,

<z_i)1 B (Z_:)II - (g—:zL)m - (z_zz_)f = (2_5)1/3 . (B7)

55,8
< 1/t 91/11 /111 el)f (28)

Combining equations (B3) to (B8} and simplifying give the total compres-
sor speclfic work for heat rejectlon within the compressor as

: 6
ABY, = (i:—‘;)f o, + 08, + (%)f {[1 + (-Z—i)f] (el + A%) + A%} (7)

For the case where there is no heat rejection, ABC is set equal to zero

and

end equation (7) becomes

[

AR,
(Aﬂé) - (—Ez)no 7 (89)
01/¢ 1+(62
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] 0 /3
(ﬁ)f - <§—§> no (BlO)

The compressor-outlet temperature may be obtained from the following:

where, from equation (B7),

6
b = (%)HI (61)11T (B11)

Now, combining equations (Bll1), (B7), (B6), and (B4) and simplifying,
o ({2 [(32) (%) %))
1/f 1/ 1/f
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Figure 1. - Three possible methods of rejecting heat in 1iquid—
cooled turbine engines.
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gor pressure Fatio, 6; turbine-inlet temperature, 2460° R.
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